The effect of imprinting, an early form of exposure learning, on the phosphorylation state of the protein kinase C substrates myristoylated alanine-rich C-kinase substrate (MARCKS) and protein F1/43-kDa growth-associated protein (F1/GAP-43) was studied in two regions of the chick forebrain. One region, the intermediate and medial part of the hyperstriatum ventrale (IMHV), is probably a site of long-term memory; the other, the wulst, contains somatic sensory and visual projection areas. After imprinting, a significant increase in MARCKS protein phosphorylation was observed in the left IMHV but not the right IMHV. No significant alteration in F1/GAP-43 was observed in EMHV. MARCKS was resolved into two acidic components of pl =5.0 and =4.0. Phosphorylation of the pI :5.0 MARCKS but not the pl -4.0 MARCKS was significantly altered by imprinting. The partial correlation between preference score (an index of learning) and phosphorylation, holding constant the effect of approach activity during training, was significant only for the pl -5.0 MARCKS in the left IMHV. A significant negative partial correlation between preference score and F1/GAP-43 phosphorylation in the right wulst was observed. Because the imprinting-induced alteration in MARCKS is selective with respect to phosphoprotein moiety, hemispheric location, and brain region, we propose that these alterations may be central to the learning process.
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Recent studies have implicated protein kinase C (PKC) in neuronal growth and plasticity including hippocampal longterm potentiation (1) . The phosphorylation of two PKC substrates is directly correlated with the persistence of longterm potentiation (LTP) (2) . One is the neuron-specific protein Fl [also known as B-50, the 43-kDa growth-associated protein (GAP-43), neuromodulin/P-57, or pp46; ref. 3] whose primary structure has been described (4) (5) (6) (7) (8) . The other PKC substrate is present in both neural and nonneural tissue (9) and is known as myristoylated alanine-rich C-kinase substrate (MARCKS; refs. 10 and 11). It is not known whether learning affects the phosphorylation of these PKC substrate proteins in regions of the brain that are crucially involved in memory.
Young visually naive domestic chicks approach and follow a wide range of conspicuous objects when first exposed to them. However, if the chicks are exposed to one object they gradually learn its characteristics and selectively approach it, avoiding other objects. The learning process is known as imprinting (12) (13) (14) . The intermediate and medial part of the hyperstriatum ventrale (IMHV) within the chick forebrain is critically involved in the underlying recognition memory, and the left IMHV probably serves as a storage site. The detailed evidence for this view is given elsewhere (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) 63) .
In a recent study (29) chicks were trained by exposing them to an imprinting object. During training, chicks attempted to approach this object and their approach activity was recorded. In the left IMHV, the incorporation of [35S]methionine into an :80-kDa protein band was positively correlated with approach activity during training, and the incorporation into an -50-kDa protein band was negatively correlated with this activity. Because approach activity during training may be loosely correlated with the amount chicks learn about the training object (30) , these results raised the possibility that the changes in protein synthesis may be related to learning.
To determine whether alterations in protein phosphorylation in addition to changes in protein synthesis occur after imprinting, we have used quantitative two-dimensional gel electrophoresis to evaluate the effect of learning on the phosphorylation state of PKC substrates.
MATERIALS AND METHODS
Experiment 1. Chicks (Gallus gallus domesticus) were hatched and raised in darkness at 34°C until 15-30 h after hatching. Twelve chicks remained in darkness; the others were exposed to white light for 30 min (31) and, 30 min later, were placed in running wheels and exposed to a rotating illuminated red box (29, 32) for two 45-min periods separated by 50 min in darkness. Ten minutes after the end of training, each chick was exposed sequentially to the red box and to a novel object (a stuffed jungle fowl) in a preference test (21) . The percentage of approach activity in the test directed to the training stimulus (preference score) was taken as an index of imprinting (21) : this was 50% if chance and 100% if all activity was directed at the familiar object. Chicks were then coded so that all subsequent manipulations and measurements were done "blind."
When the chicks were 19-to 34-hr-old, 40-80 min after training, they were killed in random order by decapitation. In experiments 1 and 2, the time from killing to removal of the first brain sample was <4 min. Slabs of the left and right IMHVs were then removed (33) tTo whom reprint requests may be addressed.
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Pooled samples [three chicks per sample (24) ] were homogenized and in vitro phosphorylation and gel electrophoresis were carried out as described (2, (34) (35) (36) (37) (38) (23, 25, 39, 40) . In experiment 1, phosphorylation data (cpm) were subjected to split-plot analyses of variance (41), with factors of training condition (dark-reared, poor learners, and good learners) and brain region (IMHV and wulst). To minimize the variation of data across different batches in experiment 2, the data were standardized. The batch mean was subtracted from each value and this difference was divided by the standard deviation of the batch values. This procedure was followed for preference score, training approach, and phosphorylation level of each protein and caused the data to be distributed about a mean of zero. All statistics in experiment 2 were calculated from data standardized in this way. The data were again analyzed using a factorial split-plot analysis of variance. A partial correlation analysis (42) was performed on preferences and level of phosphorylation, holding constant the effect of training approach activity. The partial correlation coefficient ry., was obtained by performing a regression analysis of (i) phosphorylation on training approach and (ii) preference score on training approach; the correlation coefficient between the residuals from these two regression analyses was then calculated. Means were compared using t tests; when mean values are given in the text, they are accompanied by the SEM. RESULTS Experiment 1. Endogenous protein phosphorylation in the IMHV is shown in Fig. 1 significant effect of training condition (F2,5 = 9.23; P < 0.02). The mean MARCKS phosphorylation value of the good learners was significantly greater than that of the dark-reared controls (t = 3.72; 5 df; P < 0.02). The mean value for all trained birds was also significantly greater than the mean value for dark-reared birds in this brain region (t = 2.73; 6 df; P < 0.05). Experiment 2. MARCKS protein migrated as two major acidic components with pI values of -4.0 and 5.0 ( Fig. 2A) .
The synapsin Ia/Ib doublet was not detected in the endogenous phosphorylation system (Figs. 1 and 2A) and was also not detected in heat-inactivated homogenate when exogenous cAMP-dependent kinase was added to the reaction mixture (data not shown).
The Effect of Training on the Phosphorylation of MARCKS Protein. To control for the possibility that a significant correlation between preference score and phosphorylation could be due to the effect of training approach (i.e., locomo- tor activity) rather than learning, a partial correlation coefficient was calculated between preference score and phosphorylation, correcting each for any effect of training approach.
There was a significant effect of training condition on phosphorylation of the pI -5.0 MARCKS in the left IMHV (F2,21 = 12.48; P < 0.001; Fig. 3 training was observed on the pI =4.0 or 5.0 MARCKS. These results confirm the findings from experiment 1. In the left IMHV, there was a significant partial correlation between the pI -5.0 MARCKS phosphorylation and the preference score (r. y = 0.76; 9 df; P < 0.01), holding constant the effect of training approach activity (Fig. 4) . Phosphorylation of the pl -4.0 MARCKS in the left wulst was significantly correlated with training approach (r = +0.68; df = 10; P < 0.05).
Phosphorylation of Fl Protein. F1/GAP-43 phosphorylation was not significantly affected by training condition as in experiment 1 ( Table 1 ). The phosphorylation of F1/GAP-43 in the right wulst showed a significant negative partial correlation with preference score (rxy. = -0.80; 9 df; P < 0.01; Table 2 and Fig. 5) . A significant correlation between Fl phosphorylation and training approach was present in the left IMHV (r = -0.60; df = 10; P < 0.05).
Phosphorylation of Other Phosphoproteins (52-kDa Complex and 48-kDa Protein). For the 52-kDa complex, the phosphorylation (i) was significantly higher in the right IMHV of dark-reared chicks than in trained chicks (t = 2.36; 10 df; P < 0.05) and (ii) was negatively correlated with training approach in the left IMHV (r = -0.59; 10 df; P < 0.05) and negatively correlated with training approach in the right wulst (r = -0.72; 10 df; P < 0.01). There was no significant partial correlation between the phosphorylation of the 48-kDa protein and preference score and no correlation with training approach.
DISCUSSION
The results suggest that a major substrate for PKC, the MARCKS protein, is related to the learning process of imprinting in the left IMHV: the MARCKS phosphorylation of the three groups of chicks was in the order dark-reared < poor learners < good learners (see Table 1 and Fig. 3) . Moreover, the increased phosphorylation of the MARCKS protein observed in experiment 1 was regionally specific in that the only significant effect observed was in the left IMHV. This contrasts with the lack of effect in right IMHV or the right and left wulst regions.
The relative contribution of two acidic components of MARCKS to its increased phosphorylation was determined in experiment 2 by image analysis. The results indicated that the pI -5.0 MARCKS but not the pl -4.0 MARCKS was selectively responsible for the increased phosphorylation observed in the left IMHV after imprinting and showed that the level of its phosphorylation is directly related to an index of learning, the preference score.
It has been shown that each MARCKS protein has four phosphorylation sites as indicated by tryptic digest phosphopeptides and predicted amino acid sequence for serine or threonine phosphorylation (43) . Phosphorylation of these four sites would change the pI value of MARCKS in an acidic direction such that the pI -4.0 MARCKS is more phosphorylated than the pl -5.0 MARCKS. Since phosphorylation of MARCKS causes its translocation from the membrane to the cytosolic phase (44) , perhaps it is only the membrane-bound pl -5.0 MARCKS that is affected by imprinting.
In intact synaptosomes, activation of PKC by phorbol esters (45) or by Ca2+ influx (46, 47) leads to the translocation of PKC from cytosol to membrane. A similar translocation of PKC occurs after LTP (48) and in the left IMHV after passive avoidance learning in chicks (49) . In the latter report (49) , an increase was observed in the amount of a/,3-PKC, assayed immunologically, in Triton-extractable membrane fractions in the left IMHV. It is attractive to think that PKC translocation occurs during imprinting leading to the phosphorylation of membrane-bound MARCKS. Intracerebral injections of the kinase inhibitors mellitin or H7 impaired passive avoidance learning (49) although the anatomical site of action and pharmacological specificity of the drugs are not known.
The different pattern of results for MARCKS and for F1/GAP-43 seen in this study is not observed in the rat hippocampus where the phosphorylation of both of these proteins is closely correlated with the persistence of LTP (2) . MARCKS and F1/GAP-43 have different sequences and different tissue and brain regional distributions at cellular and subcellular levels (3, 50) . Though it may not be surprising that they differ in response to imprinting, their specific roles in learning in various animal orders in the adult and during development remain to be determined.
With respect to the phosphorylation of the 52-kDa complex and Fl protein, we found a significant negative correlation with approach behavior in left IMHV. However, the partial correlations between the phosphorylation of these two proteins and preference score were not significant. These results suggest that the phosphorylation of the 52-kDa complex and the Fl protein in the left IMHV are not directly involved in imprinting. Of potential relevance is the report of a change in phosphorylation after passive avoidance learning in chicks (51) . Membranes were prepared, however, from whole forebrain, so the particular brain region responsible for the change is not known.
The increase in phosphorylation observed here may reflect an increase in phosphorylation of the substrate in vivo, as suggested by studies on phosphorylation and LTP (36, 52) . By using radiolabeled orthophosphate in oxygenated hippocampal slices, LTP increased the in vivo labeling of protein F1/GAP-43/B50 (52) . These in vivo results parallel the findings of increased Fl phosphorylation in vitro after LTP using the identical assay as in the present study (36) . This indicates that the increased phosphorylation observed in vitro in the present study likely reflects an increase in the in vivo phosphorylation.
In contrast to the results for the left IMHV, the phosphorylation of Fl in the right wulst was strongly and negatively correlated with the strength of learning. The mean level of phosphorylation of this protein in trained chicks did not, however, differ significantly from that in dark-reared chicks. Nevertheless, the partial correlation with preference score is sufficiently strong to implicate this region in the imprinting process. The anterior part of the avian wulst is somatosensory (53) (54) (55) (56) and the more posterior part is visual (57, 58) . Both parts are likely to have been included in the sample removed for the present analyses. It is unlikely, however, that the significant partial correlation was a reflection of locomotor activity during training, since the partial correlation analysis controlled for this variable. Nor can the significant partial correlation be attributed simply to the effects of visual experience because (i) there was no difference in the level of Fl phosphorylation between dark-reared and trained chicks and (ii) the trained chicks were all visually experienced, yet within this group phosphorylation varied with preference score. This relationship suggests a close link between these two variables. At least two memory systems are engaged dunrng and after imprinting, one in the left IMHV and another (referred to as S') outside the IMHV (17, 18, 25, 59 ). The location of S' is not known, but the present results raise the question of whether the right wulst is implicated in this storage system.
The training schedule used in the present study was as described (29) in which a positive and significant (P < 0.001) correlation was found between approach activity during training and the incorporation of [35S]methionine into an -80-kDa protein band in the left IMHV. Here we have found 2708 Neurobiology: Sheu et al.
an increased phosphorylation of the pI :5.0 MARCKS and a positive partial correlation between preference score and phosphorylation of the pI -5.0 MARCKS in the left IMHV. The molecular mass of the MARCKS protein was estimated to be 67 kDa in the present study, the same value estimated for chicken MARCKS by Graff et al. (60) . It will be important to determine whether the MARCKS protein, which has an anomalous migration property in SDS/polyacrylamide gel due to its hydrophilic nature and elongated structure (11) , is the protein described by Brown and Horn (29) .
Recent evidence indicates that the MARCKS protein binds calmodulin in a calcium-dependent manner and that this binding is inhibited when MARCKS is phosphorylated by PKC (60, 61) . MARCKS also binds actin (44) . A recent immunocytochemical study of the rat brain has shown expression of MARCKS in almost every cell type, including glial cells (50) . It is associated with microtubules and plasma membranes in axons, axon terminals, growth cones (62) , and small dendritic branches and is occasionally present in dendritic spines. The protein appears to be absent from large dendrites, somata, and nuclei. Given these considerations, the results of the present study suggest that phosphorylation of the MARCKS protein may participate in the wide range of synaptic changes (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) associated with the learning process of imprinting. 
